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Mast cells protect a host from invasion by infectious agents and environmental allergens through activation 
of innate and adaptive immune receptors, their excessive activation being tightly regulated by inhibitory 
receptors, such as leukocyte immunoglobulin-like receptor (LILR)B4 (gp49B in mice).  However, the 
regulatory mechanism of LILRB4/gp49B expressed on mast cells remains to be clarified in relation to their 
recently identified ligand, fibronectin (FN), a direct activator of integrins and an indirect stimulator of high-
affinity Fc receptor for IgE (FcεRI).  Confocal microscopic analysis suggested that gp49B is spatially close 
to integrin β 1 on non-adhered bone marrow-derived mast cells (BMMCs).  Their spatial relatedness 
increases further at robust focal adhesion sites on cells adhering to immobilized FN.  However, the confocal 
fluorescence signal of the α subunit of FcεRI was found to be correlated to neither gp49B nor integrin β1 on 
non-adherent and adherent BMMCs.  Stimulation of FcεRI with an immobilized antigen caused FcεRIα 
signals to accumulate in an inside area surrounded by robust focal adhesion with a concomitant slight 
increase in the signal correlation of FcεRIα and integrin β1, accompanied by a less significant increase of 
the FcεRIα  and gp49 correlation.  Thus, activating and inhibitory FN receptors integrin and gp49B, 
respectively, were co-localized via FN at robust focal adhesion sites on BMMCs, while FcεRI was not close 
to gp49B spatially.
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Introduction
Leukocyte immunoglobulin-like receptor (LILR)B4 

(also known as ILT3/CD85k in humans and gp49B in mice) 
was initially identified as an inhibitory-type receptor 
expressed on murine mast cells (Castells et al. 1994; Katz 
et al. 1996), and later it was found to be expressed on vari-
ous murine myeloid-lineage cells, such as uterine macro-
phages (Matsumoto et al. 2001), neutrophils (Zhou et al. 
2003), and conventional dendritic cells (Kasai et al. 2008) 
and B-lineage cells, including murine marginal zone B cells 
(Fukao et al. 2014) and plasmablasts/plasma cells from 
humans and mice (Inui et al. 2016; Wong et al. 2019).  
LILRB4/gp49B is also expressed on murine natural killer 
cells (Wang et al. 1997), and activated T cells from humans 
and mice (Sharma et al. 2021).

Initially, gp49 was defined as a 49-kDa cell surface 
glycoprotein preferentially expressed on mouse IL-3-

dependent bone marrow-derived mast cells (BMMCs), and 
later, molecular cloning studies identified two isoforms, a 
non-inhibitory-type gp49A and a supposed inhibitory-type, 
membrane-bound gp49B (Castel ls  et  al .  1994).  
Interestingly, it was shown that the interaction between 
gp49B and integrin αvβ3 inhibits IgE-mediated BMMC acti-
vation in vitro, suggesting the gp49B isoform is an inhibi-
tory receptor that binds to integrin αvβ3 (Castells et al. 
2001).  Likewise in animal models of inflammation, gp49B 
deficiency is associated with increased cytokine and che-
mokine production, and the severity of proliferative synovi-
tis induced by anti-type II collagen antibodies (Zhou et al. 
2005).  It was also suggested that gp49B on neutrophils 
plays a regulatory role in lipopolysaccharide-induced intra-
vascular neutrophil adhesion and microangiopathy (Zhou et 
al. 2003).  In addition, in tumor-bearing mouse models, 
anti-LILRB4/gp49B antibody administration could release 
LILRB4/gp49B-mediated, attenuated anti-tumor immunity, 



S. Miyamoto et al.274

and thus LILRB4 is a potential target for immunotherapy 
for solid tumors (Sharma et al. 2021; Paavola et al. 2021; 
Su et al. 2022) and acute myeloid leukemia (Deng et al. 
2018).  Therefore, understanding of the mode of function of 
LILRB4/gp49B and their ligand(s) in immunity is impor-
tant to understand how the receptor-ligand interaction atten-
uates various cells in the immune system as a myeloid 
immune checkpoint.

In addition to the proposed ligand for murine gp49B, 
integrin αvβ3 (Castells et al. 2001; Katz 2007), several 
groups have recently reported ligand proteins for human 
LILRB4 (Xu et al. 2018; Deng et al. 2018; Su et al. 2021; 
Paavola et al. 2021).  These include the activated lympho-
cyte cell adhesion molecule (ALCAM or CD166), an acti-
vation marker of T cells (Xu et al. 2018), and apolipopro-
tein E in humans (Deng et al. 2018).  Importantly, the 
reported human LILRB4 ligands are not shared by murine 
gp49B (Xu et al. 2018; Deng et al. 2018).  On the other 
hand, we found that both human LILRB4 and murine 
gp49B bind to fibronectin (FN) (Su et al. 2021).  
Furthermore, we found that the N-terminal 30 kDa domain 
of FN (FN30) contains a major, but not the sole, binding 
site.  Blockade of FN30 binding to gp49B in vivo was 
shown to be effective in reducing IgG anti-double stranded 
DNA autoantibodies and in ameliorating glomerulonephri-
tis in BXSB/Yaa lupus model mice, suggesting a role of 
LILRB4/gp49B-FN in autoimmune pathogenicity (Su et al. 
2021) in addition to its pathogenic role in tumors.  Others 
also reported FN is a ligand for human LILRB4 (Paavola et 
al. 2021).  These findings suggested that FN is an intrinsic 
pathophysiologic ligand common to both human and mouse 
LILRB4/gp49B.

Generally, receptors for FN are known to be a group of 

classical FN-binding integrins, such as α5β1, αvβ1, and αvβ3, 
some of which are expressed ubiquitously on cells, and 
αIIbβ3 mainly on platelets (Plow et al. 2000).  Upon activa-
tion, these FN-binding integrins become associated with 
actin filaments intracellularly, and thus are related to cell 
activation and dynamics such as adhesion and migration.  
These integrins bind to the RGDS sequence (RGD motif) 
located in FN type III repeat 10 (FNIII10), which is in the 
middle of a 220-250 kDa FN molecule (Plow et al. 2000; 
Pankov and Yamada 2002; Barczyk et al. 2010) (Fig. 1).  
On the other hand, FN30 is in the N terminal and thus is 
apart from the RGD motif.  Given that FN is the common 
ligand for both inhibitory receptors LILRB4/gp49B and cell 
activating-type receptor integrin, it is tempting to determine 
the modes of LILRB4/gp49B- and integrin-mediated regu-
lation in mast cells.  Interestingly, FN in the extracellular 
matrix is considered to be an important regulator of mast 
cells (van Vugt et al. 1996; Houtman et al. 2001).  It is 
reported that IgE triggers the adhesion of BMMCs and con-
nective tissue mast cells to FN.  This is mediated by 
increased avidity of integrin α5β1 (also known as very late 
antigen 5 or VLA-5).  FN was suggested to act synergisti-
cally with IgE to prolong intracellular phosphorylation 
events, and to enhance IgE-induced inflammatory cytokine 
production and BMMC survival (Lam et al. 2003).  Thus, 
IgE and its high-affinity Fc receptor, FcεRI, could mediate 
an activation signal that stimulates integrin α5β1 in mast 
cells, and vice versa.  These observations indicate the pos-
sible formation of supramolecular activation clusters 
(SMACs) composed of integrin α5β1, FcεRI, and FN, and of 
focal adhesion complexes harboring signaling molecules 
such as focal adhesion kinase as the most upstream ones 
(Houtman et al. 2001) (Fig. 1).

Fig. 1. Hypothetical structure of the LILRB4/gp49B-FN-integrin trimeric complex with a supposed interaction to FcεRI. 
Our hypothetical view of the potential communication between LILRB4/gp49B-integrin α5β1 and the high-affinity Fc 
receptor for IgE (FcεRI) on mast cells.  FN binding induces integrin α5β1 activation leading to actin reorganization and a 
pro-inflammatory signal.  LILRB4/gp49B is a negative regulator of the integrin-mediated activation via binding to the 
shared ligand, FN.  On the other hand, FcεRI and integrin α5β1 can communicate with each other via formation of supra-
molecular activation complexes (SMACs) on the cell surface.  FN30, fibronectin N-terminal 30-kDa domain, a major 
site for LILRB4/gp49B binding; FNIII, fibronectin type III repeat; RGD, Arg-Gly-Asp, a major amino acid sequence for 
integrin binding; ITAM, immunoreceptor tyrosine-based activation motif; ITIM, immunoreceptor tyrosine-based inhibi-
tory motif.
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Since the SMAC formation of integrin α5β1, FcεRI, 
and FN was suggested in FN-activated mast cells, and FN 
is the common ligand for both integrin α5β1 and LILRB4/
gp49B, we were interested in examining the relationship 
among integrin α5β1, LILRB4/gp49B, FN, and FcεRI on 
FN-activated mast cells.  Our hypothesis is that the 
LILRB4/gp49B-FN-integrin trimeric complex could have 
some relation to FcεRI on IgE-mediated, activated mast 
cells (Fig. 1).  Supporting this in part, we recently showed 
the formation of the LILRB4/gp49B-FN-integrin trimeric 
complex on human monocytic cell line THP-1 and murine 
macrophages (Itoi et al. 2022), and the close spatial rela-
tionship between integrin and gp49B on murine bone mar-
row-derived dendritic cells (Takahashi et al. 2022).  In this 
study we examined the feasibility of our hypothetical view 
by confocal microscopy.

Methods
Reagents and antibodies

FN from human plasma was purchased from Sigma-
Aldrich (St. Louis, MO, USA).  We used the following non-
labeled or labeled antibodies: AlexaFluor546-conjugated 
anti-gp49 (#53584AF546) from Santa Cruz Biotechnology 
(Dallas, TX, USA); APC-labeled anti-c-kit (2B8, 
BioLegend, San Diego, CA, USA); PE-labeled anti-FcεRIα 
(MAR-1, eBioscience, San Diego, CA, USA); Alexa 
647-anti-mouse integrin β1 (MB1.2, Sigma-Aldrich); β2 

(M18/2, BioLegend); Alexa647-anti-mouse integrin β3 
(2C9.G2, BioLegend); Alexa 647-labeled anti-mouse integ-
rin α2 (HMα2, BioLegend); Alexa 488-labeled anti-mouse 
integrin α4 (R1-2, BioLegend); APC-labeled anti-mouse 
integrin αM (M1/70, BioLegend); PE-labeled anti-mouse 
interin αIIb (MWReg30, BioLegend); PE-labeled anti-mouse 
integrin α5 (HMa5-1, BioLegend); Alexa488-labeled anti-
FN30 made in house; non-labeled anti-FN module III 
(clone 14, Thermo Fisher Scientific, Waltham, MA, USA), 
rabbit polyclonal anti-FN N-terminal FN1 IgG (N1N2, 
GeneTex Inc., Irvine, CA, USA); rabbit polyclonal anti-
whole FN IgG (F3648, Sigma-Aldrich); Alexa488-labeled 
anti-rabbit IgG; Alexa 647-labeled anti-mouse H2-Kb/Db 
(28-8-6, BioLegend); and Alexa 546-labeled anti-mouse β2 
microglobulin (S19.8, BD Biosciences, Franklin Lakes, NJ, 
USA).  Anti-FN30 mAbs (#5) were established in our labo-
ratory.  H1.1 (anti-gp49 IgG mAb, derived from Armenian 
hamsters) hybridoma cells were kindly provided by Dr.  
Wayne M.  Yokoyama (Wang et al. 2000).

Mice
C57BL/6 mice were purchased from CLEA Japan 

(Tokyo, Japan).  gp49B-deficient C57BL/6 mice were gen-
erated in house as described previously (Kasai et al. 2008).  
All mice were maintained and bred in the animal facility of 
the Institute of Development, Aging and Cancer, Tohoku 
University, under specific pathogen-free conditions, and 
used for experiments at 8-9 weeks old.  All animal proto-
cols were reviewed and approved by the Animal Studies 

Committee of Tohoku University.

In vitro culture of bone marrow-derived mast cells 
(BMMCs) and a mast cell line, SVMC

BMMCs were prepared as described previously 
(Kanehira et al. 2006).  Briefly, bone marrow cells were 
prepared from mouse femur and tibial bones, and red blood 
cells were lysed with a 155 mM NH4Cl, 10 mM KHCO3, 
and 0.1 mM EDTA solution.  For preparing BMMCs, bone 
marrow cells were cultured in RPMI1640 (Sigma-Aldrich) 
comprising heat-inactivated fetal bovine serum (FBS, 
Biowest, Nuaille, FR, USA), 1 mM sodium pyruvate, 50 
µM 2-mercaptoethanol, 100 U/ml penicillin (Sigma-
Aldrich), 100 µg/ml streptomycin (Sigma-Aldrich), and 5 
ng/ml recombinant IL-3 (R&D Systems, Inc., Minneapolis, 
MN, USA) at 37˚C under a humidified atmosphere contain-
ing 5% CO2.  Non-adherent cells were transferred every 6-7 
days to new culture flasks at a density of 3 × 105 cells/ml 
over a 4- to 5-week culture period.  Floating cells were 
recovered after swirling the contents of the culture bottle 
and used for further experiments as BMMCs.

Flow cytometry (FCM) analysis and cell sorting
Cells were stained for 1 h on ice in phosphate-buffered 

saline (PBS) containing 2% FBS with fluorochrome-labeled 
antibodies.  Prior to this, all samples were treated with non-
conjugated anti-CD16/CD32 (clone 2.4G2) for 30 min to 
prevent non-specific antibody binding due to the Fcγ recep-
tors.  Samples were analyzed and sorted using FACSAria 
III (BD Biosciences).  Data were collected using FACS 
Diva software and analyzed using FlowJo software (Tree 
Star).

Confocal laser-scanning microscopic analysis
The distribution of cell surface proteins gp49, integrin 

β1, and FcεRIα was assessed by confocal microscopy.  Cells 
were plated onto glass-bottom dishes [Matsunami, 
Kishiwada, Japan; poly-lysine coated, dish diameter 35 
mm, glass diameter 14 mm, glass thickness No.1S/1.5 
(0.16-0.19 mm), and #D11131H].  Cells were fixed with 1% 
paraformaldehyde (PFA) for 30 min on ice and then washed 
three times with a washing solution [1% bovine serum 
albumin (BSA) in PBS].  The fixed cells were then stained 
with the antibodies of interest, i.e., AlexaFluor546-
conjugated anti-gp49 (#53584AF546; Santa Cruz), 
AlexaFluor647-conjugated anti-integrin β1 (MAB1997- 
AF647; ThermoFisher Scientific), or FITC-conjugated anti-
FcεRIα (MAR-1, BioLegend).  After thorough washing, the 
cells were mounted using SlowFade-Gold Antifade reagent 
(ThermoFisher Scientific) and then examined at 2-D under 
a Leica SP8 confocal microscope system.  Isolation of peri-
toneal residential macrophages was as described previously 
(Itoi et al. 2022).
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Evaluation of Pearson’s correlation coefficients between 
fluorescence signals of cell-surface molecules

Correlation coefficient r between two sets of observed 
parameters, namely the fluorescence signals of gp49, integ-
rin β1, and FcεRIα in this study, was evaluated as described 
for Pearson’s correlation analysis (Adler and Parmryd 
2010).  Briefly, each signal profile of a cell contour was 
analyzed with the software with a Leica SP8, the r value 
being calculated.  The r values were obtained for over 
10-34 cells randomly selected in the captured images and 
are illustrated as a graph.  Mean r values were interpreted 
according to the following criteria: r = −1, perfect negative 
linear relationship;  −1 < r  ≤ −0.70, strong negative linear 
relationship; −0.7 < r  ≤  −0.4, negative relationship; −0.4 < 
r  ≤  −0.2, weak negative linear relationship; −0.2 < r  ≤ 
+0.20, no significant relationship; +0.2 < r  ≤ +0.4, weak 
positive relationship; +0.4 < r  ≤ +0.7, positive linear rela-
tionship; +0.7 < r  < +1, strong positive linear relationship; 
and r = +1, perfect positive linear relationship.  We consid-
ered r > +0.2 as a positive correlation.

Adherence of BMMCs to immobilized fibronectin (FN)
For preparation of immobilized FN, a human FN solu-

tion was diluted to 10 µg/ml with PBS and then added to a 
96-well culture plate, followed by incubation for 16 h at 
37˚C, and then the plate was washed twice with PBS before 
use.  BMMCs were plated into the FN-coated or noncoated 
wells at 2.0 × 105 cells/well, followed by incubation at 37˚C 
for different periods.

Stimulation of FcεRI on BMMCs with anti-trinitrophenyl 
(TNP) IgE and TNP-ovalbumin (OVA)

A TNP-OVA-coated dish was prepared as follows.  
150 µl of either 10 µg/ml FN or 10 µg/ml TNP-OVA or a 
mixture of them was added to a glass-bottom dish for con-
focal analysis, followed by incubation for 16 h at 37˚C, and 
then the plate was washed twice with PBS before use.  
BMMCs were sensitized with 5 µg/ml anti-TNP IgE for 1 h 
at 37˚C, treated for FcγR blocking with 2.4G2 mAb, and 
then washed with PBS.  2.0 × 104 cells were plated onto 
FN-, TNP-OVA-, FN plus TNP-OVA-coated plates, fol-
lowed by incubation for 40 min at 37˚C and then confocal 
analysis.

Statistical analysis
Statistical analyses were carried out using GraphPad 

Prism® 6 (Version 6.0; GraphPad Software, San Diego, 
CA, USA).  Data are presented when appropriate as means 
± SD.  Data were compared for statistical differences as to 
Pearson’s correlation coefficients with the two-tailed paired 
Student’s t-test.  We considered p < 0.05 as being statisti-
cally significant.

Results
Expression profiles of integrins, FN, and gp49B on bone 
marrow-derived mast cells (BMMCs)

We initially checked the expression of FcεRI and c-kit 
as typical mast cell markers on BMMCs, and verified 
gp49B expression on the surface (Fig. 2).  Flow cytometric 
analysis confirmed that the BMMCs were positive for the 
FcεRI α subunit and c-kit as well as for surface gp49.  On 
BMMCs, dominant expression of gp49B over the gp49A 
isoform was observed on use of gp49B-deficient BMMCs 
(Fig. 2A).  As a reference, we also checked a murine mast 
cell line, SVMC, in which FcεRIα, c-kit, and gp49 were 
positive on the cell surface (Fig. 2B).

We then checked the expression of a ubiquitous 
FN-binding integrin, α5β1, and other integrin α and β sub-
units that may contribute to FN binding, namely α2, α4, α6, 
αM, αIIb, αv, β2, and β3 (Fig. 3A, B), as well as FN (Fig. 3C) 
on the BMMC surface.  Flow cytometric analysis of integ-
rin subunits, and FN30 and FN type III repeat 7-9 (FNIII7-9, 
see Fig. 1) expression revealed that BMMCs were positive 
for integrin α2, α4, α5, α6, αv, αIIb, β1, β2, β3, and FNIII7-9, but 
negative for integrin αM and FN30 (Fig. 3A-C).  Additional 
flow cytometric (Fig. 3D) and confocal microscopic (Fig. 
3E) analyses of the FN N-terminal portion again indicated 
that the epitope was hardly detected on BMMCs compared 
to a positive control, HepG2 cells (Fig. 3D), and peritoneal 
macrophages (Fig. 3E).  SVMCs were positive for surface 
integrins α5, α6, β1, β2, and β3, but negative for other integrin 
α chains, FN30 and FNIII (Fig. 3A-D).  Based on these 
results, we concluded that major FN-binding integrin α5β1 
(VLA-5), and various other FN-cognate integrins, such as 
α6β1, αvβ3 and αIIbβ3, are expressed on the surface of 
BMMCs, while α5β1 and α6β1 are FN-binding integrins 
expressed on SVMCs.  FN, except for its N-terminal por-
tion, was positive on BMMCs.  FN was totally negative on 
SVMCs.  We concluded at this stage that FN is tethered on 
BMMCs by the cognate integrin, albeit the N-terminal 
FN30 epitope expression was only marginal on the cells.

Correlation of gp49, integrin β1, and FcεRIα signals on 
non-adhered BMMCs

We examined the fluorescence signals of gp49, the 
integrin β1 subunit, and the FcεRIα chain on the surface of 
non-adhered, floating BMMCs by confocal microscopy.  To 
this end, firstly we analyzed the signal correlation between 
the MHC class I α chain and β2 microglobulin (β2m) on the 
BMMCs as a positive control (Fig. 4A).  The confocal 
microscopic signals for MHC class I α and β2m on cell con-
tour lines were also analyzed and are illustrated as histo-
grams, which showed remarkably matched profiles (Fig. 
4B).  Next, we examined the signals of FcεRIα, gp49, and 
integrin β1 on the surface of floating, non-adhered BMMCs.  
The fluorescence signal profile was again grossly ring-like 
for FcεRIα, gp49 and integrin β1 like for MHC class I α and 
β2m (Fig. 4C), and the signal correlations on contours were 
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analyzed.  Correlation histograms of these three fluoro-
chromes are also shown (Fig. 4D).

The signal correlations between molecules along a 
contour line were calculated as Pearson’s correlation (r) 
values, as shown in Fig. 4E.  We found that the correlation 
for a positive control was reasonably high, which was 
judged as a positive linear relationship (r = 0.528 ± 0.052, 
mean ± SD, n = 3).  We observed a weak positive relation-
ship for gp49 and integrin β1 (r = 0.296 ± 0.096, mean ± 
SD, n = 14).  These results suggested that gp49 and integrin 
β1 are spatially close on the cell membrane like on bone 
marrow-derived cultured dendritic cells (Takahashi et al. 
2022).  However, the signal correlation of both 
FcεRIα-gp49 and FcεRIα-integrin β1 was not significant (r 
= 0.175 ± 0.073 and 0.159 ± 0.072, respectively, mean ± 
SD, n = 14), suggesting that the either FcεRIα and gp49 or 
integrin β1 are mutually apart on the surface of non-adhered 
BMMCs.  Collectively, these results supported a spatially 
close relationship between gp49B and integrin β1 via FN on 
the surface of BMMCs.  Interestingly, however, the local-
ization of gp49B-integrin and that of FcεRIα did not corre-
late on the cell surface of non-adhered BMMCs.

Correlation of gp49, integrin β1, and FcεRIα signals at 
focal adhesion sites on BMMCs adhered to an FN-coated 
dish

We next examined the fluorescence signals of gp49, 
integrin β1, and FcεRIα at the focal adhesion sites on 
BMMCs adhering to a FN-coated dish.  Like non-adhered 
BMMCs, the positive control MHC class Iα and β2m sig-

nals correlated well (Fig. 5A, B).  We also checked the cor-
relation between the signals for β2m and integrin β1, a sup-
posedly negative combination, and found there was no 
significant correlation (Fig. 5C, D).  The fluorescence sig-
nals of FcεRIα appeared as relatively sharp dots, and those 
of gp49 and integrin β1 were mainly distributed in a similar 
area, corresponding to typical ring-like focal adhesion (Fig. 
5E).  The correlation histogram of each pair of these three 
fluorochromes on contour lines obtained for such robust 
focal adhesion areas (Fig. 5E, rightmost) was analyzed (Fig. 
5F-H).  We observed a positive relationship for the 
Pearson’s correlation for gp49 and integrin β1 (Fig. 5I), and 
it was found to be more elevated than that for BMMCs 
adhered to a non-coated dish (Fig. 5J).  The signal correla-
tions of both FcεRIα-gp49 and FcεRIα-integrin β1 were not 
significant (Fig. 5F, H, I), suggesting that the compartments 
of FcεRIα and gp49-integrin β1 do not overlap significantly 
also in robust focal adhesion areas.  Collectively, these 
results supported a spatially close relationship between 
gp49B and integrin β1 via immobilized FN as well as cell-
intrinsic FN at robust focal adhesion sites on BMMCs.  
However, the compartment of gp49B-FN-integrin β1 and 
that of FcεRIα might be apart from each other also at robust 
focal adhesion sites on BMMCs.  In addition, we cannot 
rule out the involvement of the effect of outside-in/inside-
out signals on the closer relationship between gp49B and 
integrin β1 in the presence of FN.

Fig. 2.  Characterization of bone marrow-derived mast cells (BMMCs) and a mast cell line, SVMC.
(A) Murine BMMCs prepared as described under Materials and Methods were gated, and then analyzed for their cell-
surface expression of FcεRI, c-kit, and gp49 by flow cytometry.  Analysis of gp49A/B expression on BMMCs was also 
performed for cells from gp49B-deficient mice.  The gp49A expression level (rightmost) was low, suggesting that 
gp49B expression is dominant on the surface of BMMCs.  (B) Similar analysis was performed for SVMCs. 
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Fig. 3.  Cell-surface expression profiles of integrin α and β chains, and fibronectin (FN) on BMMCs.
BMMCs were analyzed for their cell-surface expression of the integrin α (A) and β (B) chains, and the FN N-terminal 
30 kDa domain (FN30) and FN module III (FNIII) (C) by flow cytometry.  Gray areas indicate an isotype control. Black 
line for FN30 expression on SVMCs (C, lower left) indicates no stain control.  FNIII but not FN30 expression was re-
producibly observed on BMMCs. N-terminal FN expression was scarcely detected on BMMCs with another specific an-
tibody (D).  Confocal microscopy detects FN30 on peritoneal residential macrophages but neither BMMCs nor SVMCs 
(E). 
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Correlation of gp49, integrin β1, and FcεRIα signals at 
focal adhesion sites on IgE-stimulated BMMCs adhered to 
an FN plus antigen-coated dish

IgE/FcεRI trigger the adhesion of BMMCs to FN, 
which is mediated by increased avidity of integrin α5β1 as to 
FN via an inside-out signal, and vice versa via an outside-in 
signal (Fig. 1).  To determine how FcεRI stimulation could 
influence gp49B and integrin co-localization, we analyzed 
the fluorescence signals of gp49, integrin β1, and anti-TNP 
IgE-sensitized FcεRIα in the focal adhesion plane of 
BMMCs adhered to an FN-coated dish in the presence or 
absence of an antigen, TNP-OVA.  We observed that the 
antigen stimulation induced membrane ruffling in many 
cells, plausibly due to degranulation, so we chose cells 
without severe ruffling for our confocal analysis.  In such 
less ruffled cells, we found that the fluorescence signal of 
FcεRIα in the focal adhesion plane tended to be centered on 

an inside region rather than the outer area of adhesion (Fig. 
6A-D, green), while the distribution of the gp49 signal 
mostly remained in the outer area (Fig. 6A-D, red).  On the 
other hand, the integrin β1 signal was found to be partly dis-
tributed also in the inside region (Fig. 6A-D, blue).  These 
signal profiles were grossly similar in the cells adhered to a 
TNP-OVA-coated dish with or without FN, suggesting that 
the distribution shift of integrin β1 as well as FcεRIα was 
not tightly dependent on FN but TNP-OVA.

The correlation histograms of each pair of these three 
signals on arbitrarily-drawn straight lines across the whole 
cells, contour lines, and inside lines were analyzed (Fig. 
6E).  We again observed a positive relationship for the 
Pearson’s correlation for gp49 and integrin β1 on every type 
of line, even in the presence of TNP-OVA.  In the absence 
of FN, however, this correlation between gp49-integrin β1 
on every line was less evident than that in the presence of 

Fig. 4.  Confocal microscopic and correlation analyses of fluorescence signals of gp49, integrin β1, and FcεRIα on the cell 
surface of non-adhered BMMCs. 
(A, B) Confocal microscopic images of cell surface MHC class I α chain and β2 microglobulin (β2m) as positive controls 
for correlation analysis (A), and correlation histograms of the signals (B) measured on the contour line set arbitrarily on 
the merged image (A, rightmost).  (C, D) Confocal microscopic images of cell surface FcεRI α chain, gp49, and integrin 
β1 (C), and correlation histograms of their signals (D) measured on the contour line set arbitrarily on the merged image. 
(E) Pearson’s correlations of the MHC class I α and β2m signals, and those of FcεRIα, gp49, and integrin β1 were ana-
lyzed. In the box plot, the upper and lower whiskers denote the maximum and minimum values of the data set, respec-
tively. The box indicates the area between the upper and lower quartiles, with a horizontal line indicating the median of 
all data and X as the mean. Correlation values are expressed as means ± SD (two-tailed paired t-test; n = 3 for positive 
control and n = 14 for others). **p < 0.01. 
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FN as expected.  Signal correlation of FcεRIα-gp49 was not 
evident on every line in the absence of FN (Fig. 6E, upper), 
or on the across and contour lines in the presence of FN 
(Fig. 6E, lower left and middle), but it was markedly 
increased on the inside line in the presence of TNP-OVA 
and FN, for which the correlation was almost a significant 
level (Fig. 6E, lower right, r = 0.198 ± 0.181).  The FcεRIα-
integrin β1 signal correlation tended to be increased to a 

significant level, particularly on inside lines in the presence 
of FN (Fig. 6E, lower right, r = 0.300 ± 0.167).  
Collectively, these results supported the notion that integrin 
α5β1 becomes close to FcεRI upon antigen stimulation in the 
presence of FN (Houtman et al. 2001).  Interestingly, gp49B 
kept a spatially close relationship to integrin β1 but not to 
FcεRI in robust focal adhesion areas even after antigen/IgE-
mediated FcεRI activation.
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Discussion
In this study, flow cytometric and confocal laser-scan-

ning microscopic analyses of gp49, integrin β1, and FcεRIα 
revealed that gp49B and integrin α5β1 are spatially close via 
FN on the BMMC surface.  gp49B -FN-integrin α5β1 tri-
meric complex formation, on confocal microscopic analy-
sis, was suggested to become more significant at focal 
adhesion sites upon cell adhesion to an FN-coated dish.  We 
found that FcεRI was not spatially very close to either 
gp49B or integrin α5β1 on non-adhered or adhered BMMCs, 
while activation of FcεRI made integrin α5β1 become closer 
to FcεRI accumulating to the central area of adhesion sur-
rounded by a ring-like, robust focal adhesion site in the 
presence of FN.

LILRB4/gp49B deficiency upregulates tyrosine phos-
phorylation of Syk but not FAK as an immediate down-
stream signaling event coupled to FN -induced integrin acti-
vation in macrophages and dendritic cells (Itoi et al. 2022; 
Takahashi et al. 2022).  Our current observations on mast 
cells suggest that mast cells also could have an important 
regulatory system in which LILRB4/gp49B suppresses the 
FN-integrin-mediated pro-inflammatory signal.  However, 
our preliminary studies on intracellular signaling of 
BMMCs indicated that Syk and FAK expression as well as 
the phosphorylation levels were much lower than those on 
macrophages and bone marrow-derived dendritic cells (data 
not shown).  Thus, the functional rationale remains to be 
determined for close gp49B-integrin α5β1 and more distal 
FcεRI as well as for a closer relationship among gp49B-

Fig. 5.  Confocal microscopic and correlation analyses of fluorescence signals of FcεRIα, gp49, and integrin β1 on the cell 
surface of BMMCs adhered to an FN-coated dish. 
(A-D) Confocal microscopic images of β2 microglobulin (β2m) and MHC class I α chain (A), and a correlation histo-
gram (B) for a positive control, and ones for β2m and integrin β1 for a negative control (C, D) captured on the focal ad-
hesion planes of BMMCs adhered to an FN-coated dish. Rounded lines were set arbitrarily near the outermost areas, 
and the signal correlations are depicted as correlation histograms (A, C, rightmost).  (E-H) Confocal microscopic images 
of cell surface FcεRI α chain, gp49, and integrin β1 (E), and correlation histograms of their signals (F-H) measured on 
the rounded line set arbitrarily near the outermost areas of a merged image (E, rightmost).  (I) Pearson’s correlations of 
the MHC class I α and β2m signals, and those of FcεRIα, gp49, and integrin β1 were analyzed.  In the box plot, the upper 
and lower whiskers denote the maximum and minimum values of the data set, respectively.  The box indicates the area 
between the upper and lower quartiles, with a horizontal line indicating the median of all data and + as the mean. Corre-
lation values are expressed as means ± SD (two-tailed paired t-test; n = 23).  *p < 0.05, **p < 0.01. NS, not significant. 
(J) Comparison of the Pearson’s correlations of the gp49 and integrin β1 signals in focal adhesion areas on BMMCs ad-
hered to FN-coated and non-coated dishes.  The box indicates as above. Correlation values are expressed as means ± SD 
(two-tailed paired t-test; n = 35).  **p < 0.01. 
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Fig. 6.  Confocal microscopic and correlation analyses of fluorescence signals of FcεRIα, gp49, and integrin β1 on the surface 
of FcεRI-activated BMMCs adhered to FN and antigen coated dishes.
(A-D) Confocal microscopic images of cell surface FcεRI α chain, gp49, and integrin β1 of BMMCs adhered to dishes 
coated with TNP-OVA (A) or TNP-OVA and FN (C).  BMMCs were pre-sensitized with anti-TNP IgE. Typical histo-
grams of the three signals measured on a straight line set arbitrarily across a cell are shown (B, D).  (E) Pearson’s corre-
lations of FcεRIα, gp49, and integrin β1 were determined for those on three types of line: across a cell (left), contour of a 
cell (middle), and inside area of a cell (right), adhered to a TNP-OVA-coated dish (upper) or FN + TNP-OVA-coated 
dish (lower).  In the box plot, the upper and lower whiskers denote the maximum and minimum values of the data set, 
respectively.  The box indicates the area between the upper and lower quartiles, with a horizontal line indicating the me-
dian of all data and + as the mean. Correlation values are expressed as means ± SD (two-tailed paired t-test; n = 15).  *p 
< 0.05, **p < 0.01, ***p < 0.001.  NS, not significant; TNP-OVA, 2,4,6-trinitrophenyl ovalbumin.
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integrin and FcεRI in an inside area surrounded by robust 
focal adhesion upon FcεRI stimulation.  It is plausible that 
mast cells in connective as well as mucosal tissues interact 
constitutively with the extracellular matrix containing FN.  
The effect of such a constitutive FN-LILRB4/gp49B inter-
action on homeostasis of tissue-resident mast cells will be 
our next subject of research.  

In conclusion, our hypothetical view of the LILRB4/
gp49B-FN-integrin trimeric complex (Fig. 1) is supported 
also for BMMCs like macrophages and dendritic cells 
reported previously (Itoi et al. 2022; Takahashi et al. 2022).  
LILRB4/gp49B should be counter-regulators of integrin.  
They could also be regulators for antigen/IgE/FcεRI-
mediated activation of mast cells.
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